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Abstract
Photoluminescence of phosphorescent molecule tris(2-phenylpyridine) iridium (Ir(ppy)3) 
has been studied in the neat film and film of Ir(ppy)3 doped in CBP.  Weak absorption 
bands at 485, 451 and 406 nm are attributed to the metal-ligand charge transfer triplet 
state (3MLCT) from the excitation spectra for the green emission.  Additional emission 
band with a peak at 396 nm and a broad sideband at about 423 nm are observed in the 
neat film.  The 396 nm emission is much weaker than the green emission.  Its intensity in-
creases with decreasing temperature from 300 K to about 100 K, and becomes constant at 
100-10 K.  This emission is attributed to the emission from the singlet state 1MLCT which 
gives rise to absorption band at 386 nm.  The conversion of the intersystem crossing from 
the singlet state to the triplet state is estimated to be 98.7%.  From difference of excitation 
spectra between the films doped and non-doped in CBP, we suggest energy transfer from 
the n = 1 vibrational state of Ir(ppy)3 dopant to the n = 0 vibrational state of CBP host.  
Discussion is given on the vibronic structure observed in the emission and excitation spec-
tra by comparing with the observed Raman spectrum.
1. Introduction
Displays based on organic light emitting diodes (OLEDs) are the best candidate for 
creating flexible, full-color, thin flat-panel displays, because they are more functional than 
the current liquid-crystal displays (LCDs).  The most peculiar advantage is the possibility 
of roll-up or conformal display on the curved surfaces.  The OLED displays are considered 
as a future display with high performance including high brightness, low manufacturing 
cost, fast response and low voltage operation.  The OLED display can emit bright light 
without the pronounced directionality inherent in LCD viewing, with high efficiencies.  It 
is expected that portable and lightweight roll-up OLED displays will replace the bulky and 
power-consuming cathode ray tube that has been the television standard for half century. 
To realize the OLEDs that can emit highly bright light and keep long operational lifetime, 
we have to find organic materials good for OLED devices.  For this purpose we have to 
under stand the optical processes of the light-emitting materials.
Phosphorescent organic materials are interested as the emitting materials for OLEDs. 
Because, the ratio between fluorescent singlet and phosphorescent triplet states is 1 : 3, 
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therefore the harvesting of triplets is expected to increase the electroluminescence (EL) 
quantum efficiency1,2).  Several transition metal complexes like fac tris(2-phenylpyridine) 
iridium (Ir(ppy)3) certainly show a relatively high quantum efficiency.  Optical process in 
the EL and photoluminescence (PL) should be clarified to find highly efficient phosphores-
cent materials.  A considerable amount of study has been made for the optical properties 
of Ir(ppy)3 experimentally.  However, there are several unclear properties and electronic 
states, e.g. emission from the singlet state, difference of emission spectra between the spin-
coating and evaporated films, and absorption bands due to the triplet states.
Two weak absorption bands are observed at about 485 and 451 nm at the low energy 
of the intense singlet absorption bands at 386 nm in fac tris(2-phenylpyridine) iridium 
(Ir(ppy)3) neat film
3).  The same bands also observed in Ir(ppy)3 doped in 4,4’-N,N’-dicarba-
zole-biphenyl (CBP), polystyrene, toluene, chloroform (CHCl3), dichloromethane (CH2Cl2) 
and tetrahydrofuran4-6).  These 485 and 451 nm bands are attributed to the triplet states. 
Another band is observed at about 406 nm at the low energy of the 386 nm band.  It has 
not been established yet whether the 406 nm band is attributed to the singlet state or the 
triplet state.  Hay calculated the energy levels of Ir(ppy)3 using time-dependent density 
functional theory (TDDFT)7).  The calculated triplet energy levels locate between 2.59 eV 
(about 479 nm) and 3.10 eV (400 nm).  The calculated singlet levels locate between 2.80 
eV (about 443 nm) and 3.39 eV (366 nm).  It is necessary to clarify the origins of absorp-
tion bands at 485, 451 and 406 nm.  In Ir(ppy)3 doped in CBP, energy transfer has been 
suggested to occur from the CBP host to the Ir(ppy)3 dopant, because the triplet state of 
Ir(ppy)3 is at 0.13 eV below the triplet state of CBP
8).  It is interesting to clarify whether 
the back energy transfer from the Ir(ppy)3 dopant to the host occurs.  The present work 
was undertaken to investigate these points.
2. Experimental procedure
Two OLEDs were used for the optical measurements.  One (Ir#0) is composed of a single 
layer (emitting layer) sandwiched between the two electrodes of Al and ITO.  The emit-
ting layer consists of only the 100% Ir(ppy)3 (i.e. without doping in host).  The other (Ir#1) 
is multi-layer type, where the emitting layer is formed by 2.9wt% Ir(ppy)3 doped in CBP. 
The Ir#1 consists of ITO anode, hole-transport layer of N,N’-bis(1-naphtyl)-N,N’-diphenyl-
1,1’-biphenyl-4,4’-diamine (α-NPD or called NPB), emitting layer of Ir(ppy)3-doped in CBP, 
hole-blocking layer of 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP), electron 
transport layer of aluminum tris 8-hydroxyquinoline (Alq3), and Al cathode.  The struc-
tures are
Ir#0: ITO/Ir(ppy)3 (50 nm)/LiF/Al
Ir#1: ITO/α-NPD (25 nm)/2.9wt%Ir(ppy)3:CBP (35 nm)/BCP (10 nm)/Alq3 (40 nm)/Al (100 nm),
where layer thickness is indicated.  These OLEDs were fabricated in thermal evaporation 
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method.  In addition to these OLEDs, a 50 nm thick Ir(ppy)3 film (without doping in host 
material) evaporated on a quartz plate is also used for the measurement.
Optical absorption spectra were measured with a Cary 5E spectrophotometer in a spec-
tral range of 190–3100 nm.  Photoluminescence spectra were measured at various temper-
atures between 10 K and 300 K with a Spex Fluorolog-3 fluorophotometer.  The excitation 
source was a 450 W Xe-lamp.  Corrections were made for the luminescence spectrum wave-
length sensitivity.  Filters were used to avoid the half and second harmonics of the exciting 
light.  Emission spectra and excitation spectra were recorded.  The emission and excitation 
spectra were observed through the glass plate of the Ir#0 and Ir#1 OLEDs, thus the spec-
tra shorter wavelength than about 340 nm are not reliable because of strong absorption by 
the glass.
Raman scattering was measured with a Jobin Yvon LabRam HR-800 Raman spectrom-
eter at room temperature.  A 6 mW He-Ne laser was used for the excitation.  The Raman 
spectrum was measured for a 50 nm thin film of Ir(ppy)3 which is evaporated on a quartz 
plate.
3. Experimental results
Figure 1 shows the absorption spectrum of a 50 nm thick film of Ir(ppy)3 at 15 K.  Ab-
sorption bands are observed at about 486, 456, 406, 386, 354, 284, 242 nm, where the 
first four bands are called A, B, C and S, respectively hereafter.  The spectrum at 285 K 
is almost the same as the spectrum at 15 K although the resolution among the A, B and 
C bands is a little higher in the latter spectrum than in the former one.  In Fig. 1 is also 
shown the excitation spectrum for 540 nm emission at 15 K.  The excitation spectrum al-
most corresponds to the absorption spectrum, i.e. the excitation bands are observed at the 
same wavelengths as the absorption bands, except two intense excitation bands at 369 
Fig. 1. Absorption and excitation spectra of a 50 nm thick film of Ir(ppy)3 at 15 K.  The excitation 
spectrum was obtained for 540 nm emission in the green emission band due to Ir(ppy)3.
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and 274 nm.  The observation of the 369 and 274 nm bands indicates the presence of these 
absorption bands which are hidden under the intense 386 and 284 nm absorption bands, 
respectively.  The reason why, unlike the case of absorption spectrum, the 369 nm band 
appears more intensely in the excitation spectrum than the 386 nm band is unclear at this 
moment.
Ir(ppy)3 is known to show a broad emission band with a peak at about 515 nm and a 
shoulder at about 540 nm.  Figure 2 shows the excitation spectra for the green emission in 
Ir#0 and Ir#1.  Curve 1 of Fig. 2 (Ir#0) consists of four excitation bands which corresponds 
to the absorption bands of Ir(ppy)3 (regarding the excitation spectra, see Appendix).  Curve 
2 of Ir#1 in Fig. 2 has intense excitation bands with peaks at about 390 and 345 nm and 
very weak band at 486 nm.  Alq3 and CBP materials are contained in Ir#1 device.  Alq3 
has a broad absorption band at about 390 nm and a broad emission band with a peak at 
about 525 nm9).  Therefore the excitation band at 390 nm is attributed to Alq3.  CBP has 
an absorption band at about 345 nm with a tail extended to 365 nm4) and an fluorescence 
band with a peak at about 390 nm10,11).  Therefore it is suggested that the intense peak at 
345 nm of Curve 2 is attributed to CBP host present in the emitting layer of Ir#1.  Appear-
ance of the 345 nm excitation band indicates that energy transfer occurs from CBP host 
excited optically to the Ir(ppy)3 dopant.  Such an energy transfer is possible because of 
strong spectral overlap between the 390 nm emission band of CBP and absorption band of 
Ir(ppy)3.
Figure 3 shows the emission and excitation spectra in a range between 416.7 nm (about 
24000 cm–1) and 645.2 nm (about 15500 cm–1) at 285 K, together with absorption spectrum 
at 285 K (curve 1).  It is noted that Ir#0 shows the excitation bands at the A, B and C 
bands, while Ir#1 shows an excitation band at the A band but at neither the B band nor 
the C band (see also Fig. 2).  We tried to find the excitation band at the B band position in 
Fig. 2. Semi-log plotted excitation spectra for 540 nm emission in Ir#0 (curve 1) and Ir#1 (curve 2) 
at 285 K.
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Ir#1 several times, but we could not observe it.
The A and B absorption bands are superimposed on the low energy tail of the intense S 
band due to the singlet state.  To derive the A and B absorption band shapes we subtract-
ed the background due to the C and S bands.  Curve 4 is the spectrum subtracted by the 
background.  Intense peak is obtained at about 20450 cm–1 (488.8 nm) with a shoulder at 
about 21430 cm–1 (about 466 nm).  The peak corresponds to the A band, while the shoulder 
to the B band.  The separation is about 980 cm–1.  Curve 5 of Fig. 3 shows the EL spectrum 
of Ir#1 obtained under applied voltage of 10 V.  The EL spectrum is the same as the PL 
spectrum of Ir(ppy)3 excited with e.g. 350 nm light in Ir#1.  The emission band has a peak 
at 512 nm (about 19528 cm–1) and a shoulder at 540 nm (about 18518 cm–1), which are at-
tributed to the 0 → 0 and 0 → 1 transitions, respectively.  The separation is about 1010 
cm–1.  The Huang-Rhys factor S is estimated about 0.80 from the intensity ratio of these 
bands.  We found that a mirror image holds between the absorption and emission bands. 
From this mirror image it is suggested that the A and B absorption bands are attributed to 
the 0 → 0 and 0 → 1 transitions from the singlet ground state to the triplet state, respec-
tively.  It is not negligible that the B band is also due to the higher-energy metal-ligand 
charge transfer triplet state (3MLCT) at 2.79 eV (about 443 nm) calculated by TDDFT7) be-
cause its state locates close to the B band position.
Figure 4 shows the emission spectrum of a 50 nm thick Ir(ppy)3 film evaporated on a 
quartz plate which was excited with 300 nm light at 10 K.  Besides the well-known phos-
phorescence band of Ir(ppy)3 with a peak at 515 nm, a very weak emission band is observed 
at the high energy side of the 515 nm band.  This band consists of a sharp line with a peak 
at 396 nm and a broad sideband with peaks at about 411 and 424 nm.  This emission band 
Fig. 3. Absorption spectrum (curve 1) of a 50 nm thick film of Ir(ppy)3 at room temperature (285 K) 
and enlarged excitation spectra of Fig. 2 in Ir#0 (curve 2) and Ir#1 (curve 3) at 285 K in a spectral re-
gion of 24000–15500 cm-1 (about 416–645 nm).  Curve 4 is the triplet absorption spectrum subtracted 
by the background.  Curve 5 is electroluminescence spectrum of Ir#1 obtained under applied voltage 
of 10 V.  Curves 4 and 5 are normalized at their peak heights.
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is called the blue emission band hereafter.  The intensity ratio of the blue emission band 
to the 515 nm emission band (green emission band) is 0.013.  The emission intensities 
were obtained from the spectrum of Fig. 4 by plotting it against energy (cm–1) and integrat-
ing over the bands.  Figure 5 plots the intensities (integrated band areas of the emission 
bands) of the blue and green bands against temperature.  It is observed when temperature 
is increased from 10 K that the intensity of the blue emission band is almost constant in 
a range from 10 K to 100 K but decreases above about 100 K.  On the other hand, the 515 
nm band decreases with increasing temperature from 10 K.  The temperature dependence 
Fig. 4. Semi-log plotted emission spectrum of a 50 nm thick Ir(ppy)3 film evaporated on a quartz 
plate which was excited with 300 nm light at 10 K.  Singlet emission band due to singlet state peak at 
396 nm and broad band with a peak at 423 nm, peak at 515 nm, 548 nm shoulder at 548 nm.
Fig. 5. Temperature dependence of the intensities (integrated band areas) of the green emission 
bands (closed and open circles) in a film of Ir(ppy)3 excited with 300 and 460 nm lights, together with 
the intensity of the blue emission band (closed triangle) excited with 300 nm light.  The 396 nm band 
intensity is enlarged by 20 times.
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does not depend on the excitation wavelength.  Figure 6 shows the excitation spectrum 
for the blue emission band at 15 K.  One finds that the blue emission band is generated 
by absorption of light with wavelength shorter than 393 nm and the excitation band peak 
appears at 365 nm.
Figure 7 shows the Raman spectrum of a 50 nm thick Ir(ppy)3 film evaporated on a 
quartz plate at room temperature.  Several sharp Raman signal was observed at 200–
1650 cm–1 of the measured range of 200–3000 cm–1.  Considerably intense Raman peaks 
are at 1026, 1305, 1464 and 1598 cm–1.  Strekas and Diamandopoulos measured Raman 
spectra of 2-phenylpyridine, i.e. ppy12).  They observed intense Raman peaks at 1001, 1295 
and 1603 cm–1 by excitation with 514.5 nm Ar laser at room temperature.  These lines are 
close to the Raman peaks at 1026, 1305 and 1598 cm–1 observed using Ir(ppy)3 film in the 
Fig. 6. Excitation spectrum for the blue emission band in a film of Ir(ppy)3 at 15 K.
Fig. 7. Raman spectrum of a 50 nm thick Ir(ppy)3 film evaporated on a quartz plate.  The spectrum 
was measured with He-Ne laser excitation at room temperature.
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present study.  Sarkar and Charkavorti observed the vibrational structure in the absorp-
tion spectrum of 2-phenylpyridine (2PhPy) dissolved in solvent methylcyclohexane (MCH) 
at 300 K13).  The structure was analysed and they obtained that the ground state of ppy 
molecule has vibrational energy 1295 cm–1.  This 1295 cm–1 energy is close to the 1305 cm–1
Raman line.  Therefore it is suggested that the observed 1026, 1305 and 1598 cm–1 Raman 
lines are due to ppy ligand in Ir(ppy)3.
4. Discussion
Of the absorption bands observed in Ir(ppy)3 at 486, 456, 406, 386, 354, 284 and 242 
nm, the intense 284 and 242 nm bands are attributed to the ligand-centered singlet (1LC) 
state6,7,14).  This assignment is consistent with the observation that ppy molecule has ab-
sorption bands at about 278 and 250 nm13).  On the other hand, the 386 and 354 nm bands 
are attributed to the 1MLCT, while the weak 486 and 456 nm bands to the 3MLCT3,14,15). 
Regarding the 406 nm band, it is assigned to either 1MLCT or 3MLCT.
We observed the blue emission band in the undoped Ir(ppy)3 film by 300 nm excitation in 
addition to the green emission band (Fig. 4).  The 300 nm light gives rise to the excitation 
into the singlet state of Ir(ppy)3.  The blue emission band is close to the 386 nm absorp-
tion band (S band) due to the singlet state.  The Stokes shift is about 650 cm–1.  This shift 
is comparable to the Stokes shift of about 920 cm–1 in the case of the green emission band. 
Therefore it is suggested that the blue emission band is attributable to the emission due to 
the transition from the singlet state to the ground state, i.e. fluorescence.  This suggestion 
is consistent with the observation that the blue emission band intensity decreases with 
increasing temperature.  The rate constant kST for intersystem crossing from the singlet 
state to the triplet state is expressed as
kST=kST
0+A exp(-E/kT) (1),
where kST
0, A and E are temperature-independent16).  Equation (1) indicates that the rate 
constant is temperature independent below a certain temperature (called TC) and increases 
with increasing temperature from TC, i.e. the singlet emission is temperature independent 
below TC and decreases above TC.  This agrees with the temperature dependence observed 
for the blue emission band.
It was observed that the blue emission band consists of three components at 396, 411 
and 424 nm although the last two components are not well resolved.  The separation of the 
first two components is about 921 cm–1, while that of the last two components is about 802 
cm–1.  The separation of 921 cm–1 is close to the separation 1010 cm–1 of the zero- and one-
phonon lines in the green emission band, i.e. almost the same vibrational energy is respon-
sible for the two emission bands.  This indicates that the blue emission is caused by the 
electronic transition to the same ground state as the case of the green emission.
From the observation of the 396 nm singlet emission band of Ir(ppy)3, we cannot attri-
bute the absorption band at 406 nm to the lowest-energy singlet state because the 396 nm 
band energy is higher than the 406 nm absorption band energy.  Therefore, taking into 
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account that the 406 nm band (i.e. the C band) intensity is almost the same as the A band 
intensity (the intensities were obtained by plotting the absorption spectrum against energy 
eV and by subtracting the back ground due to the intense and broad S band), we have to 
attribute the C band to the triplet state, i.e. 3MLCT.
Hay calculated the excitation energies of the singlet states of Ir(ppy)3 and the oscillator 
strength by the TDDFT7).  The calculated results are shown in Fig. 8, which are compared 
with observed absorption spectrum.  One might suggest from the comparison with the ab-
sorption bands that the C band is attributed to the singlet state.  The calculation was done 
without spin-orbit coupling effects.  The spin-orbit coupling gives rise to shift the calculat-
ed triplet states by about 0.2–0.3 eV (1600–2400 cm–1) to low energy and the singlet states 
to higher energy7).  From these shifts, it is confirmed that the C band can be attributed to 
the triplet state, while the S band to the singlet state.
The 0 → 0 band wavelength of emission is not the same as the 0 → 0 band wavelength 
of absorption.  The separation is about 1048 cm–1.  This deviation is understood using the 
configurational coordinate model in the harmonic approximation17) as follows.  The triplet 
state equilibrium position Qb is shifted from the ground state equilibrium position Qg, giv-
ing a value of  Huang-Rhys factor in the absorption band due to the triplet state.  The elec-
trons of Ir(ppy)3 are excited from the ground state to the triplet state (which is shown by 
triplet state “before relaxation” in Fig. 9) by the Franck-Condon transition optically, then 
immediately relaxation occurs in the triplet state by the vibronic interaction, resulting in 
moving from the equilibrium position Qb to the relaxed excited state with new equilibrium 
position Qa (which is shown by triplet state “after relaxation” in Fig. 6).  The thermal equi-
librium coordinate of the relaxed triplet state Qa shifts a little from that of the triplet state 
before relaxation Qb.  As a result the 0 → 0 band wavelength of emission shifts to low en-
Fig. 8. Absorption spectrum of a 50 nm thick film of Ir(ppy)3 at 15 K.  The upper vertical lines 
show the energies of the triplet states 3MLCT and the lower vertical lines show the relative oscillator 
strengths due to the transition from the singlet states 1MLCT to the ground state, which were calcu-
lated by Hay7).
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ergy from the 0 → 0 band wavelength of absorption as shown in Fig. 9.
The separation of the 0- and 1-phonon emission bands is about 1020 cm–1, which means 
the phonon energy of molecular vibration associated with the ground state.  The presence 
of such a vibration is confirmed by the Raman spectrum of Ir(ppy)3 as shown in Fig. 7. 
Strekas and Diamandopoulos observed intense Raman peak at 1001 cm–1 in 2-phenyl pyridine, 
i.e. ppy12).  This peak is close to the Raman line at 1026 cm–1 observed in Ir(ppy)3 film. 
From these results, one can conclude that vibronic structure in the PL spectra of Ir(ppy)3 is 
caused by ppy ligand in Ir(ppy)3 molecule.
Different excitation spectra were obtained for the Ir(ppy)3 emission between the Ir#0 and 
Ir#1 as mentioned above (Fig. 2), i.e. Ir#0 shows the excitation bands at both the A and B 
bands, while Ir#1 does not show the excitation band at the B band.  This is understood as 
follows.
The triplet state, exactly speaking the triplet state before relaxation, has vibrational 
levels (n=0, 1, 2, 3, n: vibrational quantum number).  The vibrational frequency is esti-
mated to be about 980 cm–1 from the curve 4 of Fig. 2, i.e. the n = 1 level locates at 980 
cm–1 above the n=0 level.  The lowest triplet state of CBP has energy of 2.56 eV18) or 2.55 
eV8), while that of Ir(ppy)3 has energy of 2.42 eV
8,18).  These energies were estimated from 
the highest peaks of the phosphorescence bands.  This means that the n = 0 vibrational 
level of CBP locates at about 1130 cm–1 or 1049 cm–1 above the n = 0 level of the lowest 
triplet state of Ir(ppy)3.  Absorption spectra due to the triplet state has been measured for 
Ir(ppy)3 (see Fig. 1) but not for CBP.  The lowest triplet state Ir(ppy)3 is estimated to be at 
20450 cm–1 (488.8 nm) from the A band.  It is expected that the separation of the lowest 
triplet states between Ir(ppy)3 and CBP before relaxation into their emitting states is al-
most the same as that after the relaxation.  Therefore we suggest that the n = 0 vibration-
al level of CBP locates quite close to the n = 1 level of Ir(ppy) before relaxation.  Therefore 
Fig. 9. Optical processes of absorption and emission in Ir(ppy)3 involving the vibrational transitions, 
together with energy transfer from the n=1 vibrational level of Ir(ppy)3 to the n-0 vibrational level of 
neighboring CBP (see text).  n and m means the vibrational quantum number.
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it is expected that the Ir(ppy)3 excited into the n = 1 level (i.e. the B band excitation) gives 
rise to energy transfer to the host of CBP molecules which locate at the nearest neighbors 
of the Ir(ppy)3 dopant as shown in Fig. 9.  As a result no emission from Ir(ppy)3 by the B 
band excitation.  In the case of the A band excitation (i.e. the excitation into the n = 0 level 
of Ir(ppy)3), emission occurs because energy transfer to the n = 0 level of CBP is impossible 
energetically.  Since Ir#0 contains no CBP host, such an energy transfer does not occur, 
giving rise to the emission by excitation of  not only the A band but also the B band.  In 
this way we can understand the obtained experimental results.
A nearly 100% conversion of the intersystem crossing has been suggested for Ir(ppy)3
from high internal quantum efficiency of nearly 100% for the green emission18,19).  This in-
dicates no appearance or a considerably weak intensity of the singlet emission.  In fact the 
singlet emission has not been observed in the OLED devices with Ir(ppy)3 doped in CBP (see 
e.g.1,3)).  As seen in Figs. 4 and 5, the singlet emission (i.e. blue emission) is much weaker 
than the triplet emission (green emission).  From our observation that the intensity ratio 
of the blue emission to the green emission is 0.013, which indicates about 98.7% conver-
sion of the intersystem crossing.  In this way we confirm the conversion is nearly 100% in 
Ir(ppy)3, together with high non-radiative intersystem crossing rate from the singlet state 
to the triplet state because of strong spin orbit interaction.
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Appendix
Recently Suzuka et al reported observation of fine structure in Ir(ppy)3 doped in tet-
raphenyl at a region of 445–480 nm at 6 K, and assigned the fine structure to vibronic 
band20,21).  Their spectrum is reproduced in curve 2 of Fig. 10.  We also observed the same 
fine structure in a 50 nm thick film of Ir(ppy)3 as shown in curve 4 of Fig. 10.  The fine 
structure was observed at not only low temperature but also at room temperature.  When 
the excitation spectra were corrected by the spectral distribution of Xe lamp used as exci-
tation source, the fine structure disappeared as shown in curve 3.  Therefore, taking into 
account the spectral distribution of the Xe lamp (curve 1), it is concluded that the fine 
structure is caused by not vibronic structure of Ir(ppy)3 but emission lines of Xe.
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